Abstract In this paper, we present a theoretical study on the discharge characteristics of radio-frequency discharges at atmospheric pressure driven by a higher frequency of 40.68 MHz while the electrode gap is altered. Based on the analytical equations and simulation data from a one-dimensional fluid model, an optimal gap between electrodes, at which the largest electron density is obtained, can be observed under a constant power condition; however, as the electrode gap increases the time-averaged electron temperature decreases, and the underpinning physics is also discussed based on the simulation results. This study indicates that at a constant power by choosing an appropriate electrode spacing, the rf discharge can be effectively optimized at atmospheric pressure.
Introduction
Atmospheric radio-frequency (rf) discharges have gain considerable interest in the plasma community over the past decade [1−6] . The large-volume, homogeneous rf plasmas at atmospheric pressure without the requirement of expensive vacuum systems can exhibit high electron densities and low gas temperatures [1, 3] . These characteristics make them attractive for various applications such as material processing, environmental applications and plasma medicine [7−9] . In particular when gas mixtures are used as the working gas, the rf discharges can provide sufficient reactive species, which are believed to play important roles in plasma medicine and related areas [7,10−12] . However, two distinctive discharge modes, i.e. α mode and γ mode, have been observed in the experimental and computational investigations. Compared to the α mode, the rf discharges performed in the γ mode usually generate radially constricted and hot plasmas, which should be avoided in many applications [1, 6, 13] . Therefore, several ways have been proposed to keep the rf discharges to be operated in the α mode.
Increasing the excitation frequency can effectively raise the power density coupled to the plasmas while the discharges are still stable in the α mode, and frequency effects on the electron density and electron temperature at a fixed power have also been discussed in detail [14, 15] . By modulating the rf discharges with pulses at repetition frequency up to hundreds of kilohertz, the atmospheric plasmas are produced only in a few of rf cycles, thus the gas heating can be lowered and power consumption is saved especially when the modulation frequency and duty cycle are optimized [16, 17] . Another promising way is to confine the rf discharges in a very small dimension with characteristics size of ten to hundreds of micrometers. Usually the generated rf microplasmas are relatively easy to achieve higher power density while still keep homogeneous [8] ; In addition, the reduced dimensions enable low-power sources for rf microdischarges, and the rf microplasmas can be used in many possible portable devices. Meanwhile rf microplasmas also show some unique characters [18] . With the gap spacing reduced the sheath region becomes dominated in the discharge region, showing a overall electropositive nature [19−21] . The electrode gap effects on the discharge characteristics are fully understood at a constant power or power density. In our previous report [22] , we have presented a numerical investigation of electrode-gap effects on the discharge characteristics at a constant power density. In this contribution, we focus on the dependence of electron density and electron temperature on the electrode gap at 40.68 MHz under a constant power condition by one-dimensional model and deduced equations.
Description of the mathematical model
In this study a one-dimensional fluid mode is applied to discuss the dynamics of atmospheric rf discharges, and the used plasma source is composed of two long parallel plate electrodes separated by very small spacing. The continuity equation is used to describe the production and loss of electrons and ions, coupled with the Poisson equation to obtain the electric fields
where N , j and S denote the number density of particles, flux and the source term, respectively. The subscripts e, i and n represent electrons, ions and neutral species generated in the discharge region, respectively. E(x, t) is the electric field in the electrode gap, and e is the elementary charge, ε 0 is the permittivity constant, and ρ represents the space charges in the discharge region. Within the drift-diffusion approximation, the fluxes of particles take the form of
where µ and D denote the drift and diffusion coefficient, respectively. By introducing the total current density I(t) across the whole gas gap, the current balance equation can be obtained [23] 
where I g (x, t) is the conduction current density in the gas gap, given by
Thus, the total current density should be further expressed as
where d is the electrode gap. The electron temperature can be obtained by solving the electron energy conservation equation, a detailed description of this equation can be found in Ref. [4] . To further simplify the discussion of rf discharges, in Ref. [15] we defined a new discharge parameter f p (t), namely the relaxation frequency of discharge plasmas, which reflects the timescale for space charges produced in the discharge region to disappear on the electrodes, given by
where N ξ represents the electron density at a specific position in the discharge region, and more detailed description of f p (t) and N ξ (t) can be found in Ref. [15] . If the applied voltage V (t) is treated as the input parameter, given by V (t) = V 0 sin (2πf t), where V 0 is the amplitude of voltage, Eq. (6) can be further written as
where the total discharge current density I (t) displays a symmetric structure, where the displacement current density and conduction current density have similar expressions with the difference that f is a constant but f p varies as a function of time in a whole period. Then the power P consumed in a whole cycle should be given by
where T is the period, from Eq. (12) to Eq. (13) the mean value theorem for integration is applied and f pξ denotes the relaxation frequency at a specific instant according to this theorem. Thus, at a given power, by inserting Eq. (7) into Eq. (14), the expression of the electron density N eξ can be obtained as
where N eξ can be treated as the mean electron density, and this equation was successfully applied to predict the mean electron density at a constant power and a fixed electrode gap while the frequency increases despite the uncertainty nature of N eξ due to the mean value theorem for integration [15] . The electron energy conservation equation and gas temperature equation are also included in the model to obtain the electron temperature and gas temperature, respectively. A detailed description of these two equations and the boundary conditions can be found in Refs. [16, 22] . The model in this study without the gas temperature equation which has been assessed in Ref. [15] , was used to theoretically discuss the characteristics of atmospheric rf discharges while the electrode gap is altered at a constant power, specifically a constant power per unit area as a consequence of onedimensional simulation [24, 25] .
The working plasma gas in the simulation is pure helium without any impurities, and the effects of impurity have been discussed in Ref. [4] . The electron kinetics are important in atmospheric rf discharges, and their effects on the accuracy of fluid model of rf discharges have been reported [2] , and are unlikely to affect the general conclusion of this study. The secondary electron emission from the electrodes is taken into account with a constant coefficient of 0.03 for simplification. A uniform distribution for each plasma species with a given density of 10 8 cm −3 is applied as the initial condition. This model has been validated in our previous report under a constant power density condition [22] . In this study the electrode spacing ranges from 0.6 mm to 2.5 mm and the results presented here are obtained at a relatively higher frequency of 40.68 MHz while the power coupled into the plasmas is fixed.
Results and discussion
As we know, when the electrode gap is reduced, the non-equilibrium character of atmospheric plasmas arises, and the electron temperature becomes eventually much larger than gas temperature [18] . Usually the generated plasma is far away from the thermal equilibrium limit (i.e. T e = T g ) in a small size even with a high power density coupled. From the simulation results, at a fixed power of 15 W/cm 2 the electron temperature both in the sheath region Fig. 1(a) and the bulk plasma Fig. 1(b) decrease with the electrode spacing, and the spatial profile of electron temperature will be given later. At the same time the gas temperature also decreases Fig. 1(c) , and a detailed description of the profiles of the gas temperature can be obtained [16] . But the difference between electron temperature in the bulk and the gas temperature, namely T e −T g , becomes smaller, indicating that the plasmas approach a thermal equilibrium with discharge size enlarged under a constant power condition. Thus, this suggests that the present model can also reveal the non-equilibrium character of atmospheric rf plasmas.
Under a constant power condition as the electrode gap is increased, the total current density, the applied voltage and the phase shift adjust themselves to maintain the given input power. To accurately investigate the gap effects on the discharge characteristics at a constant power, by means of the computational approach proposed in Ref. [15] which can exactly lead to the given power for different discharge conditions, Fig. 2 provides the profiles of the total current density, conduction current density, displacement current density and the applied voltage depending on the gap at a given power of 9 W/cm 2 . With the gas gap increasing from 0.6 mm to 2.5 mm, the RMS total current density drops from 0.133 A/cm 2 to 0.056 A/cm 2 by a factor of 2.4; meanwhile the RMS applied voltage drops initially with gap distance, and reaches the smallest value of 195.74 V at 1.4 mm, then increases eventually to 216.37 V at 2.5 mm. The phase angle ϕ at the moment when the total current density arrives at the peak value is also presented in Fig. 3 , it decreases initially, then gets to the lowest value, increases afterwards. According to our previous report [15] , the phase angle can be expressed as
It relates to the ratio of excitation frequency f to relaxation frequency f p . Obviously, f is fixed while f p changes as the the electrode gap increases, and from Eq. (7) f p is almost proportional to the electron density N ξ if the mobility coefficient of electron µ e does not vary very significantly. Due to the reduction in applied voltage for the gap from 0.6 mm to 1.4 mm, the electron density can be predicted to rise according to the Eq. (15) . But when the electrode spacing is larger than 1.4 mm, both the applied voltage and electrode gap increase, thus roughly speaking from Eq. (15) if the increasing rate of the electrode gap is larger than that of the applied voltage, the electron density should continue to increase, otherwise drop. Fig.3 Phase angle at the instant when the discharge current density gets to the peak value, as a function of electrode gap under a constant power of 9 W/cm 2 at 40.68 MHz
The maximum time-averaged electron densities as a function of electrode spacing at 7 W/cm 2 , 9 W/cm 2 and 11 W/cm 2 are captured in Fig. 4 . The maximum time-averaged electron density significantly increases from 2.17 × 10 11 cm −3 to 6.60 × 10 11 cm −3 by a factor of 3.04 as the electrode gap varies from 0.6 mm to 1.4 mm, afterwards it decreases and reaches the value of 5.32 × 10 11 cm −3 at the distance of 2.5 mm. The mean electron density, shown as the open symbols in Fig. 4 , improves from 1.19 × 10 11 cm −3 to 3.72×10 11 cm −3 by a factor of 3.13 for the electrode gap from 0.6 mm to 1.9 mm, then it decreases only slightly to 3.54 × 10 11 cm −3 at 2.5 mm. Additionally, by referring to the variation of electron density, the evolution of phase angle, shown in Fig. 3 , can be further understood. Thus, the variation of electron density given in Fig. 4 qualitatively satisfies the prediction of Eq. (15) at a constant power, namely the electron density increases initially with electrode gap, then gets to the peak value, drops afterwards, especially for the maximum timeaveraged electron density. Accordingly, the analytical equations and numerical data confirm that the electron density is not monotonically dependent on the electrode spacing at 40.68 MHz if a constant power is delivered to the whole plasma volume in atmospheric rf discharges. Fig. 4 indicates that in view of the electron density, an optimal electrode gap exists in theory under a fixed power condition at a higher frequency, at which the largest electron density can be achieved although the value of this optimum gap is not the same for the peak time-averaged electron density and the mean electron density. The existence of an optimal electrode gap in atmospheric rf discharges driven by a high frequency voltage is important to the design of discharge devices, and the choice of electrode gap near the optimal value may effectively improve the discharge efficiency by considering the power consumption theoretically.
To provide more insights into the evolution of electron density, the peak time-averaged electron densities as a function of power are highlighted in Fig. 5 for various electrode spacings. The electron density increases with the input power, and can even be described as a linear function of power after the discharge is ignited and when it operates in the α mode, but the slope of the linear function for various gaps is different. From  Fig. 5 it can be found at around 1.4 mm the slope gets nearly to the top value, which suggests that at this gap electrons are obtained more effectively at a constant power. Based on Eq. (14) the power dependence of electron density can be approximately described by
where K is the slope of the linear function and takes the form of
from this expression, a smaller applied voltage implies a larger slope, and in Fig. 2 at around 1.4 mm the applied voltage reaches the smallest value at a constant power of 9 W/cm 2 . Although the applied voltages for all gaps increase modestly with the power, indicating that K is actually not a true constant, the relative sizes of the applied voltages are kept at least when the discharges are operating in α mode after the ignition [14, 15] . Consequently, Eq. (18) can be used to qualitatively interpret why the optimum spacing at around 1.4 mm is almost unchanged in the α mode with increasing coupled power (Fig. 5) . To further show the spatial structure of electron density and electron temperature, Fig. 6 illustrates the spatial distribution of time-averaged electron density and electron temperature for four different electrode gaps at 9 W/cm 2 . It can be clearly observed that the larger electron density usually occurs in the central region between electrodes (Fig. 6(a) ), whereas the high electron temperature always appears near the surfaces of the electrodes, namely in the sheath region (Fig. 6(b) ), showing similar spatial profiles of electron density and electron temperature to those obtained numerically in Ref. [4] , which also partly validates the present model. With the electrode gap being increased under a constant power condition, the electron temperature decreases both in the bulk plasma and sheath region (Fig. 6(b) ). However, for these four electrode spacings the largest electron density is achieved at 1.4 mm, and interestingly at 1.0 mm and 2.2 mm the almost equivalent electron density of 5.7 × 10 11 cm −3 can be found, this gives a more detailed description of density evolution as the electrode gap varies. A monotonic decrease in electron temperature from 4.28 eV to 3.22 eV is observed with the gap spacing, also shown in Fig. 6(b) , which is also qualitatively consistent with the experimental observation in Ref. [20] . As we know in atmospheric rf discharges a higher electron temperature contributes significantly to the effective production of reactive species [12] . Therefore, a discharge with a small gap size is favorable to gain a larger electron temperature at a constant power.
To understand the decrease in electron temperature, the sheath characteristics should be investigated. The sheath shrinks only very slightly with reducing electrode gap, and its thickness is almost unchanged with the value of around 0.2 mm in this simulation, which implies that the sheath thickness is almost independent of the electrode spacing especially when the electrode gaps are relatively large and the discharges are still sustained in a glow-plasma regime [19, 21, 26] . The sheath voltage, at the instant when the total current density gets to the peak value, drops from 57.64 V to 22.62 V by a factor of 2.5, leading to the reduction of electron temperature in the sheath region, and in the bulk plasma the electron temperature also decreases, as shown in Fig. 6(b) .
Thus, based on the simulation results, the existence of optimal electrode gap can be further understood. On one hand with the electrode gap being increased at a higher frequency the generated electrons in the discharge region could not eventually arrive at the electrodes within a half period, then more electrons are trapped in the discharge region with reduced wall loss to improve the electron density between electrodes [25] . On the other hand, the electron temperature drops with the gap spacing in Fig. 7 at a constant power, inevitably resulting in the decrease in the electron production rate. As a result, an optimum electrode gap for the electron density can be observed at a higher driving frequency. The frequency effect on the optimum gap is also explored in terms of the numerical data given in Fig. 8 . At a fixed electrode spacing under a constant power condition with increasing frequency the electron density is enhanced which has been discussed in Refs. [14, 15, 27] . The optimum gap is 1.4 mm, 1.1 mm and 1.0 mm at the high driving frequencies of 40.68 MHz, 54.24 MHz and 67.80 MHz, respectively. The time interval of a half cycle reduces with increasing driving frequency, then a narrower electrode gap is required for the electrons to arrive at the electrodes before the electric field reverses [25] . Accordingly the electrode gap at which electrons could be trapped decreases, and a reduced optimal electrode gap could be observed at a higher driving frequency.
Conclusion
In summary, in this paper we present a theoretical and numerical study to investigate the electrode gap effects on the characteristics of atmospheric rf discharges at 40.68 MHz under a constant power condition. Based on the computational data from a one-dimensional fluid model and the deduced analytical equations, at a constant power an optimal electrode gap for electron density can be observed, at which the largest electron density could be generated. The gap dependence of electron temperature also indicates that the electrons generated in smaller gas gap are favorable to achieve a higher temperature. The study theoretically shows that if a constant power is delivered to the whole plasma volume, by choosing an appropriate electrode gap in atmospheric rf discharges, the discharge efficiency can be effectively improved and the generated atmospheric plasmas could be optimized with larger electron density and higher electron temperature, which are well suitable for many industrial applications.
